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Abstract
Pesticides are used worldwide to control arthropod parasites in cattle herds.
The indiscriminate and/or inappropriate use of pesticides without veterinary
guidance is a reality in several countries of South America. Improper pesticide
use increases the chances for contamination of food and the environment with
chemical pesticides and their metabolites. Reduction of these contamination
events is an increasing challenge for those involved in livestock production.
The horn fly, Haematobia irritans (Linnaeus) (Diptera:Muscidae), is one of the
most economically important parasites affecting cattle herds around the world.
As such, horn fly control efforts are often required to promote the best
productive performance of herds. Pesticide susceptibility bioassays revealed
that pyrethroid resistance was widespread and reached high levels in horn fly
populations in the Brazilian state of Rondônia. The kdr sodium channel gene
mutation was detected in all horn fly populations studied (n=48), and the
super kdr sodium channel gene mutation was found in all homozygous
resistant kdr individuals (n=204). Organophosphate resistance was not
identified in any of the fly populations evaluated.
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1. Introduction
The use of pesticides is the most common method to control and
minimize the losses associated with infestations by Haematobia irritans
(Linnaeus) in cattle herds. Exposure of horn fly populations to pesticides
generated excellent initial control, but the lack of alternative control methods
has to lead to an overreliance on these compounds, resulting in insecticide
resistance issues (Hogsette & Ruff, 1986; Byford et al., 1999; Foil et al., 2000;
Barros et al., 2012).
The development of resistance in field populations is influenced by
several factors, and these are biological, genetic and operational issues.
Among the biological issues are the generation time, the number of offspring
per generation, and dispersal. Genetic factors include frequency and
dominance of the resistance gene, fitness of the resistance genotype, and
number of different resistance alleles. Biological or genetic issues can only
minimally be influenced by man. However, operational factors such as
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selection of insecticide treatment method, timing, and dosage, and insecticide
chemistry can be controlled (Sarwar & Salman, 2015).
The main drive leading to arthropod pesticide resistance is genetic
selection, an evolutionary process. The selection pressure imposed by
pesticides means that as pesticide effectiveness increases, so does the
selection for and rapidity of resistance development. In most cases, the
survival of individual insects following treatment with pesticides is due to
genetic differences in surviving individuals that allow survival rather than the
escape of survivors from full exposure (Onstand, 2013).
Resistance to pyrethroid pesticides is strongly associated with the
knockdown resistance (kdr) target-site mutation in the voltage-gated sodium
channel, which prevents or reduces pyrethroid interaction with the sodium
channel (Donnelly et al., 2009). Acetylcholinesterase (AChE) is the major
target for the organophosphate (OP) class of pesticides, which inhibit AChE
activity by covalently phosphorylating or carbamylating the serine residue
within the active site gorge (Corbett, 1974).
Several helpful bioassay methods were developed for testing pesticide
resistance in arthropod parasites (Busvine, 1968; Schmidt & Miller, 1987).
The filter paper bioassay has been used for testing horn fly susceptibility to
pyrethroid and organophosphate pesticides (Sheppard & Hinkle, 1987; Li et
al., 2007). The advent of the polymerase chain reaction (PCR) (Saiki et al.,
1985) allowed advances in DNA-based tests that made possible the use of
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PCR techniques to detect pesticide resistance in arthropods populations.
These techniques made it possible to obtain information regarding the
genotypic profile and frequency of resistance genes in a population, which is
not feasible through the use of impregnated paper filter assay (Li et al., 2003).
Kdr was first documented in houseflies (Busvine, 1951) and isolated
genetically in 1954 (Milani, 1954). The mutation associated with knockdown
resistance is a leucine to phenylalanine substitution (kdr; L1014F) in the
sodium gene coding region. Also, a “super” pyrethroid resistance was
associated with a methionine to threonine substitution in the sodium channel
(M918T) and named super kdr (Miyazaki et al., 1996; Williamson et al., 1996).
Kdr mutations confer resistance to every known pyrethroid but do not diminish
the efficacy of other pesticide classes (Oppenoorth, 1985).
Guerrero et al. (1997) reported on three different amino acid
substitutions found in one horn fly population from the U. S. state of
Louisiana. Two mutations were expressed only in pyrethroid resistant and
“super” pyrethroid resistant individuals. However, the third mutation was
expressed in both the pyrethroid resistant and susceptible laboratory
populations, suggesting that it had no role in pyrethroid resistance expression.
Organophosphate pesticides are inhibitors of acetylcholinesterase
(AChE), a serine hydrolase necessary for regulating the synaptic action of the
neurotransmitter acetylcholine (ACh) within both insects and mammals.
Acetylcholinesterase reacts with a serine residue that is located at the
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catalytic site found within the AChE gorge. The phosphorylated enzyme is
incapable of hydrolyzing AChE, yielding an increase in the synaptic ACh
concentration

that

produces

excessive

excitation

and

death.

Organophosphate (OP) pesticides are irreversible inhibitors of AChE, causing
failure of the central nervous system and death of the insect (Fournier &
Mutero, 1994; Yu, 2008).
In insects, AChE can carry point mutations that confer resistance to
OPs by changing the structure, folding, or active site conformation of the
AChE (Temeyer et al., 2008; Yu, 2008). Temeyer et al. (2012) generated an
AChE cDNA that likely coded for diazinon insensitivity by a point mutation
(G262A), altering a glycine to alanine in the mature H. irritans AChE (HiAChE)
amino acid sequence at position 262. Several molecular techniques for
determining the presence of this point mutation in field resistant horn flies
were evaluated.
Cilek et al. (1995) observed increased toxicity of diazinon in pyrethroidresistant horn fly populations and suggested this was due to mixed function
oxidase activity. This activity led to a higher toxicity of diazinon (negative
cross-resistance) in pyrethroid resistant H. irritans. This increased diazinon
susceptibility is a result of in vivo accumulation of the toxic metabolite
diazoxon.
The use of pesticides to control horn fly populations drives adaptive
processes in the fly. Pesticide-resistant individuals are natural variants
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selected by pesticide applications as these individuals carry nucleotide
polymorphisms

or

epigenetic

modifications

leading

to

biochemical,

physiological, and ultimately phenotypic differences (R4P, 2016).
This study aimed to detect the allele frequency of genes related to
pyrethroid (PY) and organophosphate (OP) resistance in Brazilian horn fly
populations. Phenotypic data were associated with the molecular diagnosis to
verify the resistance situation in field populations of horn flies.
2. Material and Methods
2.1. Pesticide resistance bioassays
The horn fly samples were collected between the geographic
coordinates 8 ° 46 '04 "S / 63 ° 47' 59" W and 10 ° 25 '09 "S / 62 ° 07' 16" W,
in the cities of Porto Velho (PVH), Nova Mamoré (NM) Candeias do Jamari
(CJ), Presidente Médici (PM), Jarú (JR), Ouro Preto do Oeste (OP), Alvorada
do Oeste (AO), Nova União (NU) and Vale do Paraíso (VP) counties, all in
Rondônia State, Brazil (Fig. 1). In the sampled area the average annual
precipitation is 2,246 mm, and the temperature average is 25.5° C. The
sampled area has the Köppen-Geiger climate classification as tropical wet
and dry (Aw) (Peel et al., 2007).
The bioassays to detect pesticide resistance in H. irritans were carried
out in 48 farms, which were selected by operational factors (fly availability,
ease of access and willingness of farmers to collaborate with the study). In
most of the farms visited, there were no reports of problems with pesticide
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resistance in fly populations, but instead difficulties with chemical control of
cattle ticks in dairy herds.
The susceptibility of horn fly populations to insecticides was assessed
by bioassays using impregnated filter paper placed in Petri dishes (9 cm
diameter and 2 cm height) (Sheppard & Hinkle, 1987). The technical-grade
pesticides employed in the bioassays were diazinon (analytical standard,
99.0% purity, Chem Service, Lot 2221-100) and cypermethrin (analytical
standard, ≥ 90.0% purity, Pestanal®, CAS number 67375-30-8), diluted in
acetone (Merck P.A.). Each insecticide kit contained three replicates of five
concentrations of cypermethrin (1.6 - 409.6 μg/cm2) and diazinon (0.006 - 3.2
μg/cm2). Control filter papers were treated only with acetone (Merck P.A.).
The impregnated filter papers were kept in aluminum foil packs under
refrigeration and placed in disposable plastic Petri dishes just before the field
collection trips.
For the field trials, specimens of H. irritans were collected directly from
the infested animals with the aid of an entomological net and transferred to
Petri dishes containing filter paper impregnated with the pesticide. About 25
flies were used in each replicate. The flies remained in contact with the
pesticide-impregnated papers for two hours. Flies that survived the chemical
exposure were considered resistant, and those dead or unable to fly were
considered to be sensitive to the pesticide. After this assessment, the fly
samples, separated as resistant or sensitive to the concentrations tested,
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were deposited in cryogenic flasks and immediately immersed in liquid
nitrogen.
The validation of the efficiency of the pesticide test paper kits was
performed at the USDA Knipling-Bushland US Livestock Insects Research
Laboratory (Kerrville, TX, USA). Two kits containing all prepared pesticide
concentrations were sent to be evaluated against the reference susceptible
horn fly colony maintained at this research center.
The results obtained from these bioassays with the H. irritans field
populations and the reference colony allowed survival analysis by the Probit
procedure (PROC) of the Statistical Analysis System program (SAS) Release
9.1 (SAS Institute, Cary, NC, USA), and the determination of the pesticide
concentration causing 50% mortality of individuals (LC50). From the LC50 of
the field populations and the reference colony of H. irritans, it was possible to
establish the resistance factor (RF) of each population, calculated by:
[RF]p = [LC]50p / [LC]50rp
where: [RF]p is the population resistance factor, [LC]50p is the LC50 of the
field population individuals, and [LC]50rp is the LC50 of the reference population
individuals.
2.1.1. DNA extraction
Genomic DNA was isolated from individually frozen adult flies following
a protocol reported by Guerrero et al. (1998), by using a disposable pellet
pestle to pulverize each fly in an individual 1.5 ml micro centrifuge tube pre-
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chilled on dry ice. Twenty-five microliters of buffer (100 mM Tris, pH 8.3; 500
mM KCl) was added to the tube and grinding continued for about 20 seconds.
The tube was transferred back to dry ice until a convenient number of flies
had been prepared. The tube was briefly microcentrifuged to ensure the liquid
and crushed materials were at the tube bottom and then placed in a boiling
water bath for 3 min. After centrifugation for 5 minutes at 15,000 X g, an
aliquot was diluted 1:10 in water and 1.0 μl of this solution was used for
polymerase chain reaction (PCR). The extracted DNA was stored at -20 °C for
use within 48 hours, or at - 80 °C for longer term storage. After thawing,
before PCR, the samples were centrifuged at 4 °C at 14,000 rpm for 4
minutes.
2.1.2. Molecular analysis
Genotyping of the H. irritans populations was performed using PCR
amplification of specific alleles (PASA) according to the methods established
by Guerrero et al. (1998) and Guerrero et al. (1999) for the diagnosis of
resistance to PY and OP pesticides, respectively. Analysis of mutant alleles
that confer resistance to pesticides in horn fly populations was performed on
individuals phenotypically characterized as resistant in bioassays, as well as
the flies belonging to the control treatment.
2.1.2.1. Pyrethroid resistance
The PCR for detection of kdr alleles were carried out with the primer
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sets FG 130 (5’ - TAC TGT TGT CAT CGG CAA TC - 3’) and FG 138 (5’ CAA TAT TAC GTT TCA CCC AG - 3’), which amplify the wild-type
(susceptible) kdr alleles, and FG 134 (5’ - TAC TGT TGT CAT CGG CAA TT 3’) and FG 138 (5’ - CAA TAT TAC GTT TCA CCC AG - 3’), for amplification
of the mutant (resistant) kdr alleles. The super-kdr alleles were amplified with
the primer sets FG 154 (5’ - ACC CAT TGT CCG GCC CA - 3’) and FG 235
(5’ - CTT CGT GTA TTC AAA TTG GCA - 3’) for susceptible alleles, and FG
155 (5’ - ACC CAT TGT CCG GCC CG - 3’) and FG 235 (5’ - CTT CGT GTA
TTC AAA TTG GCA - 3’) to amplify the resistant super-kdr allele. A pair of
primers (FG 234: 5' - CTT CTT CAT CGG TGT AGC - 3’) and FG 243 (5' GGC ATG GCT TTC CGT - 3’) that amplifies the GAPDH gene (PCR positive
control reaction) was added in all samples.
Samples of genomic DNA from flies with known genotype were used
as positive PCR controls. A negative control sample (substituting ultrapure
water for DNA) was used in each set of reactions. The PASA-PCR was
conducted in a volume of 20 μl, with 10 μl of Ampliquon Taq DNA Polymerase
Master Mix Red (Denmark) containing 4.0 mM MgCl2, 150 mM Tris–HCl pH
8.5, 40 mM (NH4)2SO4, 0.2% Tween 20, 0.4 mM dNTPs, 0.05 units/μl Taq
DNA polymerase, 0.22 μM of each primer, 8.2 µL of ultrapure water
(Invitrogen, USA), and 1.0 µL of diluted sample. The PASA reactions were
performed at 95° C for 2 min, followed by 35 cycles of PCR (95° C for 1 min,
57.5° C for 1 min, 72° C for 1 min) and then a final extension at 72° C for 7

This article is protected by copyright. All rights reserved.

11

min. The amplicons obtained by PASA-PCR were visualized on 3% agarose
gels stained with ethidium bromide.
Five individual resistant allele amplicons were randomly selected and
sequenced in ABI 3100 automated DNA sequencer (Applied Biosystems) to
confirm the PCR result accurately represented the genotype. These were
verified to correspond to the GenBank accessions U83874.1, U83873.1,
U83872.1 and U83871.1 by the maximum composite likelihood model
(Tamura et al., 2004).
2.1.2.2. Organophosphate resistance
The polymerase chain reactions for detecting the mutation G262A (Foil
et al., 2010) in the H. irritans acetylcholinesterase (AChE) gene were carried
out with the primer sets FG 417 (5’ - GGC ATG ATG CAA TCG GG - 3’) and
FG 419 (5’ - GCA GTA GTG ATG CAT TAC AA - 3’), to amplify native
(susceptible) AChE alleles, and FG 418 (5’ - GGC ATG ATG CAA TCG GC 3’) and FG 419 (5’ - GCA GTA GTG ATG CAT TAC AA - 3’) to amplify mutant
(resistant) AChE alleles. A primer pair (FG 234: 5' - CTT CTT CAT CGG TGT
AGC - 3') and FG 243 (5' - GGC ATG GCT TTC CGT - 3’) that amplifies the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was added to all
samples as a PCR positive control. The PASA-PCR was conducted in a
volume of 20 μl, with 10 μl of Ampliquon Taq DNA Polymerase Master Mix
Red (Denmark) containing 4.0 mM MgCl2, 150 mM Tris–HCl pH 8.5, 40 mM
(NH4)2SO4, 0.2% Tween 20, 0.4 mM dNTPs, 0.05 units/μl Taq DNA
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polymerase, 0.22 μM of each primer, 8.2 µL of ultrapure water (Invitrogen,
USA), and 1.0 µL of diluted sample. The reactions were performed at 95 °C
for 2 min, followed by 35 cycles of PCR (95 °C for 1 min, 57.5 °C for 1 min
and, 72 °C for 1 min), and then a final extension at 72 °C for 7 min. The
amplicons obtained by PASA-PCR were visualized on 3% agarose gels
stained with ethidium bromide.
2.2. Estimating the average gene replacement rate
The detection of point mutations by PASA assay is a way of identifying
single-point nucleotide mutations by using one primer which is designed for
each allelic version (native or mutant) of the gene at that site (Wu et al.,
1989). The PASA assay allowed us to identify the allelic frequencies of the kdr
mutation in wild horn fly populations. One of the most important estimates to
consider in molecular studies of resistance to pesticides is the average allele
substitution effect, which measures the change in the resistance response
caused by changes in allele frequencies. The decomposition of the total
variance into the parts attributed to the additive variance was estimated using
a regression model, where the genotypic values are expressed as a function
of the number of mutant alleles (Falconer & Mackay, 1996):

Yi = β 0 + β1 X 1 + ε i
where: Yi is the resistance factor (RF); β 0 is the regression constant, β1 X
is the linear regression coefficient,

X 1 is an independent variable that
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ε

expresses the number of mutant alleles of the populations (0, 1, or 2) and i :
the experimental error. The average effect of allelic replacement, also known
as the additive effect, which is defined as the deviation of the mean of the
population of individuals that have the mutant allele in substitution of the
native allele, estimated by the coefficient of the regression model (Lynch &
Walsh, 1998).
3. Results
3.1. Pesticide resistance bioassays
Diagnosis of kdr alleles was performed with phenotypically resistant H.
irritans specimens that survived pesticide exposure in the impregnated filter
paper assay. The LC50 and the resistance factor of the H. irritans populations,
as well as the frequency of kdr genotypes among the phenotypically resistant
adults and the type of herd, is shown in Table 1.
Heterozygous (SR) kdr genotypes were identified in 48.57% (n=1,789)
of the horn flies tested. The kdr allele was observed in all H. irritans
populations. Susceptible homozygous kdr (SS) genotypes were observed in
45.89% (n=1,690) of the flies, and the resistant homozygous kdr (RR)
genotype was identified in 5.54% (n=204) of the flies submitted to the PASA
assay.
The super-kdr mutation was found in all homozygous resistant kdr
individuals (n=204). The heterozygous (SR) super-kdr genotype was identified
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in 97.54% (n=199) of the homozygous kdr individuals. Only 2.46% (n=5) of
the homozygous resistant (RR) kdr individuals were also found to be
homozygous resistant (RR) at the super-kdr locus. Nucleotide sequences
corresponding to the resistant kdr and resistant super-kdr alleles from
Brazilian populations of H. irritans were deposited in the GenBank, receiving
accession codes KT580856.1 and KT445935.1, respectively. This is the first
report of the super-kdr mutation in Brazilian horn fly populations.
The resistance factor to pyrethroid pesticides in populations that did not
show super-kdr alleles ranged from 0.665 to 16.09, and the average
resistance factor was 4.161. Populations of H. irritans that had super-kdr
alleles had a mean resistance factor of 15.213 (≥3.558 to ≤40.806) (Table 2).
For OP pesticides, the impregnated filter paper assay was performed
with 34 populations of H. irritans. All horn flies that survived the pesticide
exposure in each concentration were submitted to the PCR for AChE mutant
alleles; 915 flies were evaluated with the PASA assay. The G262A mutant
AChE allele was not found in any of these individuals. All flies were genotyped
as susceptible homozygous (SS) to OPs for this mutation. The LC50’s from
wild populations ranged from 0.003 to 0.291 μg/cm2 and were always lower
compared with the LC50 (2.871 μg/cm2 ) for the reference horn fly strain
maintained on Knipling-Bushland US Livestock Insects Research Laboratory.
The resistance factor of the Brazilian populations of H. irritans to
organophosphate pesticides ranged from 0.001 to 0.101 (Table 3). All wild
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populations tested showed a high level of susceptibility to diazinon.
3.2. Estimation of the average gene replacement
Pyrethroid pesticides imposed the strongest selection pressure on the
H. irritans field populations. The effect of gene substitution was prioritized for
this chemical group since the presence of organophosphate resistance was
not identified in the H. irritans populations tested.
The relationship between RF and the percentage of kdr genotypes in
the phenotypically resistant flies made it possible to categorize resistance to
pyrethroid pesticides (Table 4). The frequency of the kdr resistant allele (R)
was positively associated with the pesticide resistance factor, indicating this
genetic component is an essential element for expression of target site-based
pyrethroid resistance related to kdr mutations in the sodium channel gene.
Each 10% increase in the frequency of the kdr allele was associated with an
increase of 0.44 in the resistance factor (RF) of the populations under
selective pressure caused by the use of pesticides (Fig. 2).

4. Discussion
The wide use of pesticides to control pests of agricultural, livestock and
public-health importance has been a powerful and recent agent of selection in
natural populations of many insect species. After the initial pesticide exposure
occurs, the active ingredient concentration slowly decreases in the
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environment. During this time, there is a period where resistant heterozygote
individuals do not die, but susceptible homozygotes are still killed. In these
situations, the resistant allele is acting as a dominant allele even in cases
where laboratory tests conclude the trait is recessive. This is relevant in
practice for field populations because dominance relationships between
susceptible and resistance alleles affect the rate of spread of resistance
(Barbosa et al., 2011). Insecticide resistance is a longstanding and expanding
problem for arthropod control (Sparks & Naeun, 2015).
Pesticide resistance in horn fly populations, particularly to pyrethroid
and organophosphate pesticides, is not a recent phenomenon. Several
authors have reported the presence of resistant horn fly populations in many
tropical and subtropical areas of the globe (Harvey et al, 1984; Schmidt et al.,
1985; Foil et al., 2005; Li et al., 2007; Temeyer et al., 2008; Sabatini et al.,
2009; Barros et al., 2012; Domingues et al., 2013). The dose-response
bioassay has been considered the most precise method to assess the
susceptibility of a population to a compound (Busvine, 1971; Finney, 1971),
justifying the frequent use of this bioassay, by others (Barros et al., 2007,
2012, 2013; Guerrero & Barros, 2006) and our group, to monitoring resistance
in horn fly populations. The LC50 estimated from the filter paper bioassays and
the resulting dose-response curve is used to define the baseline susceptibility
of a population (Miller et al., 2010). This value is a logical choice to identify the
resistance status of an arthropod population to a specific pesticide, and the
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bioassays produce a quantitative measurements with high precision (Finney,
1971).
The filter paper bioassay identified the OP susceptibility of all the horn
flies. In fact, all flies phenotypically identified as susceptible in the bioassay
were genotyped as homozygous susceptible in the G262A mutant AChE
allele PCR assay. Unfortunately, this assay is not a comprehensive molecular
survey for AChE variants and has limited usefulness for monitoring OP target
site resistance. However, for horn flies considered pyrethroid resistant by the
impregnated paper filter assay, when genotyped by PASA-PCR for the
mutation associated with knockdown resistance, 45.89 % of flies were
homozygous susceptible and 48.57% heterozygous.
The use of the resistance factor allowed the characterization of the
susceptibility profile to the pyrethroid. Bianchi et al. (2003) used a
methodology that considered the resistance factor (RF) to pyrethroid
pesticides to categorize susceptibility of Rhipicephalus microplus tick
populations as susceptible, tolerant and resistant. Applying this categorization
to our horn fly populations, the percentage of heterozygous individuals in a
population could classify populations as susceptible, tolerant and resistant to
pyrethroid pesticides (Table 4).
Guerrero & Barros (2006) determined the occurrence and levels of
horn fly pyrethroid resistance at various times in 13 populations in Mato
Grosso do Sul state, Brazil using similar methods as our study of Rondônia.
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All populations studied had elevated RFs to pyrethroids, and the kdr sodium
channel mutation was detected in only five of the 13 sampled populations. Of
these five horn fly populations that contained the kdr mutation, four
populations had only ~7% of their individuals with the mutation. However, one
population had ~50% of the flies with kdr. We obtained higher kdr frequencies
in our study, more in line with reports from the U. S. Significantly, the studies
of Guerrero & Barros (2006) were undertaken with samples collected when
the horn fly was still relatively new to Brazil and selection has certainly been
ongoing since then. This fact was discussed in the 2006 publication, including
speculation that mixed function oxidase metabolic-based resistance was the
likely first mechanism of resistance to develop as the horn fly enters new
biological regions. In our study, many precautions were taken to ensure the
integrity of the fly tissues used in subsequent PCR. The flies were quickly
separated into dead and alive groups after the field bioassays and
immediately frozen in liquid nitrogen for sending to the laboratory. Once at the
laboratory, all DNA extraction procedures were conducted at low temperature
through the use of dry ice, and after the DNA extraction, the samples were
aliquoted and kept at an ultra-low temperature (-75 to -80° C) until the
molecular assays were carried out. No DNA sample used in the study was
thawed more than twice.
Sabatini et al. (2009) also searched for kdr in the horn fly from all
Brazilian geographic regions, using samples collected several years after the
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Guerrero & Barros (2006) study. The collection sites of the horn flies were
randomly selected, and the determining factors for ranch selection were
similar to our study, the occurrence of horn fly infestation on cattle and the
ranch owner's cooperation. However, no bioassays were conducted, which
made it impossible to obtain the resistance factors for pyrethroids in the
analyzed populations. The authors concluded that resistance to pyrethroids
was disseminated throughout Brazil, but kdr mutations were absent in 87.08%
of H. irritans from 37 different Brazilian populations. Only 48% of resistant
populations had kdr sodium channel gene mutation, and the frequency of
mutant individuals in each of these resistant populations was quite low.
Considering both the Guerrero & Barros (2006) and Sabatini et al. (2009)
studies, other physiological mechanisms of resistance besides kdr seem
present, and the kdr mutation must not be the only important role player for
pyrethroid resistance in Brazilian horn fly populations. The metabolic
resistance, which usually results from enhanced expression of detoxification
enzymes, seems to have had a greater participation in the tolerance observed
for pyrethroid pesticides in the studied populations by Guerrero & Barros
(2006) than the kdr sodium channel gene mutation.
The negative cross-resistance of diazinon shown with pyrethroid
resistance as suggested by Cilek et al. (1995) may explain the high
susceptibility of H. irritans populations to diazinon in Rondônia state. We
found resistance and kdr mutations in all our fly populations. Approximately
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53% of the individuals contained at least one kdr mutation and only seven of
the 48 H. irritans populations in Rondônia showed a resistance factor less
than three for pyrethroids. Thus, we infer that resistance to pyrethroids is
widely disseminated in this state. Similar results of negative cross-resistance
were observed in horn fly populations from northeastern Mexico and Central
Brazil (Kunz et al., 1995; Barros et al., 2002; Guerrero & Barros, 2006). In
Mexican horn fly populations, the resistance factor for pyrethroid ranged from
36 to 199, with no OP pesticide resistance detected. Similar results were
detected in Brazilian populations from Mato Grosso and Mato Grosso do Sul
states, where a high susceptibility to diazinon was identified (resistance
factors from 0.1 - 0.6). Barros et al. (2002) point out that the wide use of
pyrethroids for horn fly control in the region since the horn fly was detected in
the early 1990s. However, the molecular basis for these reports of negative
cross resistance has never been investigated. The Kerrville reference strain
has generally been used in these studies that report negative cross
resistance. This strain which is reared in laboratory cages without exposure to
bovine hosts, although considered OP susceptible, has displayed small levels
of OP resistance compared to horn flies sampled from natural populations of
flies from herds in locations that have never been subjected to pesticides
(Guerrero et al., 1999; F. Guerrero, personal observations). Thus, if a study
was deriving resistance factors by comparison to the Kerrville strain as the OP
susceptible reference, the OP resistance factor calculations might be

This article is protected by copyright. All rights reserved.

21

incorrectly interpreted. The mixed function oxidase system can determine a
subsequent increase in diazinon metabolism. This should be further
investigated and might lead to further improvements in control of horn fly
populations with high pyrethroid resistance in Brazil.
Resistance is an evolutionary process and under continuous pesticide
usage, resistance will continue to evolve towards more efficient mechanisms
with very few if any deleterious pleiotropic effects (R4P, 2016). It is important
to remember that evolution of pesticide resistance is a response to biotic and
abiotic processes that have influence on the metabolism and gene flow of
insect populations. The development of resistance detection assays will likely
always lag behind in relation to the high adaptive potential present in
arthropod populations to escape the adverse effects of pesticides.
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Table 1. Genetic profile of the cattle and buffalo herds, phenotypic analysis of
pyrethroid resistance and genotypic profile associated with the kdr-like
mutations in Haematobia irritans populations.
Population
PVH 1
PVH 2
PVH 3
PVH 4
PVH 5
PVH 6
PVH 7
PVH 8
PVH 9
PVH 10
PVH 11
NM 1
NM 2
NM 3
NM 4
NM 5
CJ
PM 1
PM 2
PM 3
PM 4
PM 5
PM 6
PM 7
PM 8
PM 9
PM 10
PM 11
PM 12
PM 13
PM 14
PM 15
PM 16
PM 17

Phenotypic Data
a
Herd
LC50
Dairy Cattle 1.19
Dairy Cattle 1.74
Dairy Cattle 0.22
Beef Cattle
1.79
Dairy Cattle 5.37
Dairy Cattle 1.31
Dairy Cattle 0.26
Beef Cattle
0.73
Beef Cattle
0.31
Dairy Cattle 0.92
Dairy Cattle 3.35
Dairy Cattle 10.93
Beef Cattle
1.10
Dairy Cattle 3.89
Dairy Cattle 9.93
Dairy Cattle 11.65
Dairy Cattle 2.80
Dairy Cattle 5.25
Dairy Cattle 1.51
Dairy Cattle 0.83
Dairy Cattle 0.57
Dairy Cattle 3.13
Dairy Cattle 4.72
Dairy Cattle 1.69
Dairy Cattle 2.67
Dairy Cattle 0.91
Dairy Cattle 0.58
Dairy Cattle 1.69
Beef Cattle
8.51
Dairy Cattle 1.68
Beef Cattle
5.93
Beef Cattle
6.33
Beef Cattle
2.11
Beef Cattle
4.27

b

RF
3.56
5.21
0.66
5.35
16.09
3.94
0.78
2.19
0.94
2.77
10.04
32.74
3.30
11.64
29.76
34.90
8.38
13.46
4.56
2.48
1.70
9.38
14.14
5.04
8.00
2.72
1.72
5.05
25.49
5.03
17.75
18.95
6.33
12.80

c

SS
33.94 (n=37)
70.83 (n=51)
95.34 (n=41)
67.69 (n=44)
34.31 (n=35)
65.45 (n=36)
90.24 (n=37)
63.07 (n=41)
75.60 (n=31)
78.26 (n=36)
62.82 (n=49)
23.80 (n=20)
62.00 (n=31)
42.35 (n=36)
42.96 (n=55)
34.93 (n=51)
27.16 (n=22)
31.95 (n=31)
54.23 (n=32)
74.07 (n=40)
92.00 (n=46)
53.94 (n=41)
46.72 (n=50)
67.85 (n=38)
39.04 (n=41)
75.51 (n=37)
98.03 (n=50)
62.10 (n=59)
28.08 (n=25)
81.13 (n=43)
33.33 (n=26)
28.37 (n=21)
34.54 (n=19)
44.06 (n=26)

kdr Genotypes (%)
d
SR
64.22 (n=70)
29.17 (n=21)
4.66 (n=2)
32.31 (n=21)
65.69 (n=67)
34.55 (n=19)
9.76 (n=4)
36.93 (n=24)
24.40 (n=10)
21.74 (n=10)
35.89 (n=28)
66.66 (n=56)
58.00 (n=19)
54.11 (n=46)
53.12 (n=68)
56.84 (n=83)
60.49 (n=49)
62.88 (n=61)
45.77 (n=27)
25.93 (n=14)
8.00 (n=4)
46.06 (n=35)
52.33 (n=56)
32.15 (n=18)
55.23 (n=58)
24.49 (n=12)
1.97 (n=1)
35.78 (n=34)
67.41 (n=60)
16.98 (n=9)
61.54 (n=48)
55.40 (n=41)
65.46 (n=36)
49.15 (n=29)
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RR
1.84 (n=2)
1.29 (n=1)
9.54 (n=8)
3.54 (n=3)
3.92 (n=5)
8.23 (n=12)
12.34 (n=10)
5.17 (n=5)
0.95 (n=1)
5.73 (n=6)
2.12 (n=2)
4.51 (n=4)
1.89 (n=1)
5.13 (n=4)
16.23 (n=12)
6.79 (n=4)

31

PM 18
PM 19
PM 20
JR 1
JR 2
JR 3
JR 4
JR 5
JR 6
JR 7
OP
AO
NU
VP
Reference

a

Beef Cattle
5.25
Dairy Cattle 7.79
Dairy Cattle 4.28
Dairy Cattle 2.48
Dairy Cattle 2.56
Dairy Cattle 1.87
Dairy Cattle 2.06
Dairy Cattle 5.74
Dairy Cattle 2.29
Dairy Cattle 2.90
Dairy Cattle 8.66
Beef Cattle
3.74
Dairy Buffalo 13.62
Dairy Buffalo 1.34
Kerrville, TX 0.33

15.73
23.35
12.82
7.43
7.66
5.59
6.18
17.19
6.87
8.69
25.94
11.27
40.81
3.94
1

47.61 (n=30)
33.75 (n=27)
25.00 (n=22)
58.62 (n=34)
26.76 (n=19)
64.06 (n=41)
62.00 (n=31)
33.33 (n=36)
61.19 (n=41)
37.93 (n=33)
18.18 (n=24)
50.84 (n=30)
5.00 (n=10)
58.62 (n=34)
-

47.61 (n=30)
62.50 (n=50)
65.90 (n=58)
31.03 (n=18)
67.60 (n=48)
28.12 (n=18)
36.00 (n=18)
59.25 (n=64)
34.32 (n=23)
58.62 (n=51)
63.64 (n=84)
45.76 (n=27)
68.00 (n=136)
41.36 (n=24)
-

4.78 (n=3)
3.75 (n=3)
9.10 (n=8)
10.35 (n=6)
5.64 (n=4)
7.82 (n=5)
2.00 (n=1)
7.42 (n=8)
4.49 (n=3)
3.45 (n=3)
18.18 (n=24)
3.40 (n=2)
27.00 (n=54)
-

LC50 – median lethal concentration; bRF - Resistance factor; cSS - homozygous-susceptible
flies; dSR – heterozygous flies; eRR - homozygous-resistant flies.
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Table 2. Frequency of the kdr and super-kdr mutations and the resistance
factor in horn fly populations.
Mutation
kdr
Super-kdr

a

Genotype Frequency (%)
a

SS

45.89 (n=1,690)
--

b

SR

48.57 (n=1,789)
5.40 (n=199)

c

RR

5.54 (n=204)
0.14 (n=5)

Resistance
Factor
4.16
15.21

SS - homozygous-susceptible flies; bSR – heterozygous flies; cRR - homozygous-resistant
flies.
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Table 3. Genetic profile of the cattle and buffalo herds, phenotypic analysis of
organophosphate

resistance

and

genotypic

profile

associated

with

acetylcholinesterase (AChE) mutation in Haematobia irritans populations.

Population
PVH 1
PVH 2
PVH 3
PVH 5
PVH 6
PVH 7
PVH 9
PVH 10
PVH 11
NM 2
NM 3
PM 4
PM 5
PM 6
PM 7
PM 8
PM 9
PM 10
PM 11
PM 12
PM 13
PM 14
PM 15
PM 16
JR 1
JR 2
JR 3
JR 4
JR 5
JR 6
JR 7
OP
NU

Phenotypic Data
Herd
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Beef Cattle
Dairy Cattle
Dairy Cattle
Beef Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Beef Cattle
Dairy Cattle
Beef Cattle
Beef Cattle
Beef Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Cattle
Dairy Buffalo

a

LC50
0.005
0.024
0.291
0.012
0.011
0.037
0.280
0.097
0.108
0.053
0.005
0.008
0.038
0.003
0.013
0.033
0.005
0.017
0.013
0.047
0.103
0.055
0.156
0.049
0.025
0.011
0.067
0.058
0.003
0.096
0.004
0.019
0.098

b

RF
0.002
0.008
0.101
0.004
0.003
0.013
0.097
0.034
0.038
0.019
0.002
0.003
0.013
0.001
0.005
0.011
0.002
0.006
0.013
0.047
0.036
0.019
0.054
0.017
0.009
0.004
0.023
0.020
0.001
0.033
0.001
0.007
0.034

AChE Genotypes(%) )
c
d
SS
SR eRR
100 (n=32)
100 (n=38)
100 (n=26)
100 (n=26)
100 (n=28)
100 (n=27)
100 (n=28)
100 (n=24)
100 (n=27)
100 (n=25)
100 (n=23)
100 (n=28)
100 (n=26)
100 (n=27)
100 (n=24)
100 (n=23)
100 (n=26)
100 (n=27)
100 (n=25)
100 (n=29)
100 (n=26)
100 (n=24)
100 (n=28)
100 (n=5)
100 (n=26)
100 (n=24)
100 (n=27)
100 (n=28)
100 (n=27)
100 (n=29)
100 (n=24)
100 (n=29)
100 (n=26)
-
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VP
Reference

Dairy Buffalo
Kerrville, TX

0.003
2.871

0.001
1

100 (n=23)
-

-

-

a

LC50 – Median lethal concentration; bRF - Resistance factor; cSS - homozygous-susceptible
flies; dSR – heterozygous flies; eRR - homozygous-resistant flies.
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Table 4. Association between percentage of kdr heterozygous genotypes and
resistance factor (RF) related to pyrethroid resistance in horn fly populations from
Rondônia state.
Resistant Factor Limits
< 7.5
7.6 to 16.0
> 16.1

Frequency Genotype SR
until 30%
31% to 60%
above 60%

Resistance Status
Susceptible
Tolerant
Resistant
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Legends of figures
Fig. 1. Sample collection locations of Haematobia irritans in Rondônia state,
Brazil.
Fig. 2. Resistance factor (RF) as a function of the frequency of resistant
alleles in the sampled Haematobia irritans populations. The homozygote
susceptible (SS), heterozygote (SR), and homozygous resistant (RR)
individuals contain 0, 1, and 2 resistant kdr alleles, respectively.
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Highlights
1. The horn fly is one of the most economically important parasites affecting
cattle herds around the world.

2. Pesticide control in horn fly populations promotes excellent initial results,
but the excessive use of this compounds resulting in insecticide resistance
issues.

3. The selection pressure imposed by pesticides means that as pesticide
effectiveness increases, so does the selection for and rapidity of resistance
development in horn fly populations.
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